Presented is a microelectromechanical system-based thermal actuating image stabiliser. The proposed stage has dimensions of 14.9 × 14.9 × 0.2 mm 3 and contains a four-axis decoupling XY stage used for anti-shaking. The processes used to fabricate the stabiliser include silicon on isolator process, inductively coupled plasma process and flip-chip bonding technique. The maximum actuating distance of the stage is larger than 25 mm, which is sufficient to resolve the shaking problem in 3× optical zoom condition. According to the experiment results, the supplied voltage for the 25 mm moving distance is lower than 20 V, and the dynamic resonant frequency of the actuating device is 4.7 kHz.
Introduction:
The manufacture of applications of the microelectro-mechanical systems (MEMS)-based XY stage can now be realised by using micro/nano-fabrication processes due to advances in device miniaturisation and high precision systems [1] . In terms of the driving function of the MEMS-based XY stage, the comb-drive actuator plays a very important role in optical applications [2] [3] [4] [5] [6] [7] [8] [9] and the probe positioning system [10] , because it can be easily controlled and has highly precise position control and low power consumption. However, the driving voltage of electrostatic actuators is usually beyond 60 V, so the step-up circuit must be large enough to support the high voltage. To solve this problem, thermal actuating XY stages are researched, for example, the application of lens tracking and focusing [11] .
Anti-shake technology is among the many new technologies developed for mobile phones, and image stabilisation is the typical solution to this problem. Among the familiar elements of image stabilisation are lens shifting, charge-coupled device shifting and signal processing. The conventional anti-shaking technique in digital single-lens reflexes, signal processing, is now used in mobile phones. Although signal processing requires no additional hardware and does not affect miniaturisation of the system module, performance and reliability depend on the algorithm used. Given the demand for device miniaturisation, the lens shifting anti-shaking approach is inadequate since adding a movable lens causes nonlinearity, which must be corrected by a complex control algorithm. Although it requires an associated actuating system, image sensor (IS) shifting is less disruptive of miniaturisation; the overall size of the system is also easier to reduce compared to the lens shifting method. For the above reasons, a satisfactory image stabiliser design is needed to miniaturise cell phone camera modules. In this work, the thermal actuating XY stage with four-axis system is designed and fabricated to achieve a low driving voltage and smaller IS shifting image stabiliser.
Structure design and fabrication:
The novel feature of the proposed MEMS-based image stabiliser is a two-dimensional decoupling actuator, which is able to carry an IS. This device compensates for blurring when the human hand shakes. The designs of the XY stage are as follows.
2.1. Structure design: Since the mechanical coupling of the stage will induce nonlinear influences, the structure must be designed to achieve excellent decoupling effects; otherwise, to isolate actuating current and heat, the material SU-8 is patterned between the thermal actuator, position sensor and IS holder. Fig. 1 schematically depicts the design of the entire device; there are three signal output beams, one actuator, one position sensor and two decoupling beams in each direction. Since residual heat may change the operating frequency and cause nonlinear situations, the four-axis system is designed in this work; each handshake vector will be separated into two or three vectors in this system and compensated by the actuators. This compensating strategy will reduce the driving voltage, working temperature and residual heat in the XY stage. Fig. 2 shows the three main types of flexure beams. Fig. 2a is a chevron thermal actuator. Since the pre-bending angle is small, it can be simplified as three clamped -clamped beams parallel to each other [12] . Equation (1) shows the stiffness 
Design of spring:
where kx a and ky a are the stiffness of the actuator in the lateral direction and axis direction; E is Young's modulus of the decoupling flexure beam; and L a , w a and t a are the length, width and thickness of the decoupling flexure beam, respectively. The stiffness ratio K D of the decoupling beams can be expressed as (2):
Fig. 2b is a decoupling beam, because lateral movement may induce instability and reduce linearity and reliability of thermal actuators.
To avoid this situation, perfect isolation between different actuating directions is important. Because the folded beam has a large stiffness ratio, we can utilise it to reduce the mechanical interference from other directions. To prevent lateral displacement larger than the width of one pixel (about 2.5 mm) when the stage is driven to 25 mm, the decoupling ratio must be larger than 10. Fig. 2d shows the spring design of the structure [13] when the driven force is parallel to the x-direction. The stiffness of a single folded-flexure spring under elastic deformation in the x-direction and the coupled stiffness in the y-direction are calculated as (3) and (4):
where E is Young's modulus, I a and I b are the moments of inertia of the different beams, and L a and L b are the lengths of the different beams. Therefore when a single direction force is driven parallel to the x-direction, the decoupling ratio of x displacement to y displacement is defined as: Fig. 3c shows a signal output beam. To output the signals of the IS, 24 beams are designed in this work, and the stiffness can be obtained by (3) - (5) as well. Table 1 shows the length, width and height of the three-type flexure beams in Fig. 2. 2.3. Simulation: To design the chevron thermal actuator, the transient states of different lengths are simulated by CoventorWare, and the length, width, pre-bending angle and thickness of the actuator are 2000 mm, 20 mm, 38 and 50 mm. The simulation results are shown in Fig. 3 , and we find that the actuators are proximately stable at 0.05 s.
Fabrication:
The structure is fabricated by SOI process, as shown in Fig. 4 . The thickness of the handle layer, isolation layer and device layer are 350, 2 and 50 mm individually, and the resistance of the device layer is about 0.02 V cm.
Utilising the ICP process, the structure, IS holder, signal output beams, thermal actuators and position sensors are fabricated on the SOI device layer. The signals isolation layer (nitride) and circuit routing (Al) are defined on the IS holder. Besides, the material SU-8 is defined between the actuating part and the IS holder to isolate driving current and heat. The scanning electron microscope (SEM) photographs of the sample device are shown in Figs. 5a and b. After SU-8 patterning, the suspending area of 
Measurement:
Effectiveness of the image stabiliser was examined to evaluate the performance of the fabricated device. Fig. 7 shows the measurement results of the thermal image. The red and blue triangles represent the maximum and the minimum temperature of the thermal actuator when 10 V was supplied in 1 Hz. We can observe that the maximum temperature occurs in the middle of the actuator and the pads are close to room temperature.
Figs. 7b and c show the temperature profile between both side pads in on-state and off-state, the maximum temperature is approximate to 3508C in on-state and 34.58C in off-state. During the static driving test, the actuator was driven by a DC voltage, and displacement of the actuator was measured by a MEMS motion analyser (MMA). When a 20 V driving voltage was supplied on the proposed device in the y-direction, moving displacement in the y-direction is 33 mm with 1.78 mm displacement along the x-direction, as shown in Fig. 8a , and the experimental decoupling ratio can be calculated to 18.54, which conforms to the system requirement. In the dynamic characterisation, we also use the MMA system to evaluate the resonant frequency, as shown in Fig. 8b , and we can observe that the resonant frequency approximates to 4.7 kHz.
Conclusion:
In this work we designed, simulated and fabricated a novel four-axis thermal actuating image stabiliser and found the way to miniaturise the stage size but without needing to enlarge the size of the power circuits. Besides, utilising the MEMS process and the four-axis actuating strategy to fabricate and control the image stabiliser not only miniaturises the device size, but also decreases the driving voltage and the size of the power chip.
